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1. Introduction

The information on the diffusion behaviour is very
important for dyeing process. The transient diffusion
profiles, i.e., the dye distribution curve in the
polymer matrix at different penetration times, as
determined by film-roll method are very informative
for the kinetic analysis of this system. However,
the method has its own problems, such as the limited
number of layers in a film roll and the presence of
water layers between the successive film layers. The

need for a film of relatively large size is an
additional drawback as compared with the steady-
state permeation method. The latter approach is
simpler and does not need any special technique in
the performances of the experimental.

It was suggested that the sorption and diffusion of
acid dyes in overdyeing systems could be quantita-
tively analyzed by the dual sorption and diffusion
models, which were based on the two distinct
Langmuirean and Nernstean species (Fack & Eollin-
ger, 1959; Nango et al., 1974; Komiyama et al.,
1977). Diffusion of acids, especially dye acids, in



nylon has been widely investigated and the results
have been summarized by Peters (Peters, 1975).

In contrast to these studies on strong acids, the
sorption and diffusion of simple weak acids by
polyamide has been fylly investigated by lijima et
al.. (1980). It was pointed out that strong acids,
such as hydrochloric acid and trifluoroacetic acid,
are sorbed only by Langmuir type and acetic acid
which is the weakest acid among the acids used,
shows the greastest contribution of partition type
sorption. And the results for the diffusion coefficient
have shown that the contribution of partition species
in a total flux is dominant in the case of the acetic
acid.

On the other hand, McGregor et al. (1962) have
suggested the bimodel diffusion of dye in nylon,
namely the dye adsorptions on the charged amino
groups and the amide groups in nylon. Hopper et al.
(1970). have assumed that the diffusion of acid dyes
in nylon is described in terms of the electrochemical
potentials of the dyes rather than adsorption model.

In this study, an attempt has been made to obtain
more detailed information for the dual mechanism
by means of the steady-state permeation measurement.
In addition, the information for the diffusion of acid
dyes in silk fibroin was investigated.

I, Experimental

1. Materials
The silk fibroin membrane used in this work was
(Bae and Tak, 1989a, 1989b) The membrane thickness
measured by means of thickness gauge (Han Won
Co.) with a precision of+-pm, was about 31ym. The
acid dyes used were Orange I (Dye 1), Sunset
Yellow (Dye @) and sulfanilic acid 2-naphthol-3, 6-
disufonic acid (R acid) (Dye ). The preparation
and purification of these dyes have been described
previously. (Bae and Tak, 1986b)
2. Determination of the permeability coefhi-
cients
To determine the permeability coefficients of the
dye anions through the silk fibroin membrane, the
steady-state method was used. The cell used consists

of two compartments, A and B, whose volumes are

250ml and 50ml, respectively (see Fig. 1). The dye
concentration in cell A was kept in the range of
107% to 10™* mol/l! with pH 2 adjusted by adding
hydrochloric acid. The silk fibroin membrane was
placed between the two compartments with teflon
seals. And the solutions in A and B were stirred as
efficiently as possible. During the experiment, the dye
molecules in A permeate into B through the mem-
brane. Aliquots of dye solution were taken out of
cell B at appropriate time intervals and the dye
concentration was determined spectrophotometrically.
Cell B was refilled each time with equal amounts
of blank hydrochloric acid solution. As the constancy
of the concentration in cell A throughout the experi-
ment was a fundamental necessity, the volume of
the solution A was designed to be sufficiently large
to ensure the infinite bath conditions in the case

of dilute solutions. The permeation apparatus shown
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Fig. 1. Permeation Cell.
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Fig. 2. Modified permeation Cell.
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Fig. 3. Permeation of different dyes through silk

membranes.

Dye 1 :Concentration; 1.11x10 °mol/I,
membrane thickness; 29um, 50°C.

Dye ¥ : Concentration; 1.26x10-°mol/I,
membrane thickness; 30p¢m, 50°C.

Dye U : Concentration; 1.18x%10 °mol/l,

membrane thickness; 30#m, 50°C.
0;50°C
8370°C
5:90°C

£20
£
-
£
o N
°
b a\} 22
a o\
10k
2 -]
0 . .
) 10 20

10°C (mol/ 1)

Fig. 4. The permeability coefficients vs. concentr-
ation for Dye 1 through silk membrane at
the various temperatures.

in Fig.2 had the total upstream volume (A+C) of
approximately 3,300ml. The agitation of the dye
solutions was carried out as efficient as possible to
minimize the stagnant boundary solution layers on
the surfaces of the membrane,

The examples of the experimental results obtained
are shown in Fig. 3. For the steady-state condition,
the amount of dye permeated through the membrane
against time should give a linear relationship, which
gives the permeability coefficient P. The permeability
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Fig. 5. The permeability coefficients vs. concentr-
ation for Dye I through silk membrane at
the various temperatures.
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Fig. 6. The permeability coeflicients vs. concentr-

ation for Dye W through silk membrane at
the various temperatures.



coefficients vs. dyebath concentration for each dye in

silk fibroin are plotted and shown in Figures 4-6.

. Results and Discussion

As described in the preceeding works (Bae and
Tak, 1989b), the sorption and diffusion of dye can
be explained by the dual species. Thus, the sorption
and diffusion of dye in the acid dyeing of silk can
be described by the following equation,

C=Cp+CL

_ _ K, 8Cy

=Kt 1+ R.Co)

___ 8 So

TKaO-0 Tz M

where C is the dye concentration in silk in equili-
brium with the dyebath concentration Cgy S the
saturation value, z the basicity of dye anion, K,
and K, are constants, K=K;/K, and 8=z C./S.

If the diffusion of an acid dye into silk is contro-
lled by the diffusion coefficient D(c) with dye
concentration, it can be explained in terms of the
relation between activity and concentration of the
dye anion alone.

The diffusion coefficient D(c),
first law, is written as

J=~D(c)aC/0X @
where J is the flux of diffusion in a unit time

defined by Fick’s

through unit area, C is the concentration and X is
the distance.

Neglecting the diffusion potential, we assume that
dye modecules in the dual states are subject to fllow

according to the chemical potential gradients, i.e.,

1
J=—RT (DLCL(Bp/3C)

+DYC, (0 0C)) o ©

where J is the total flux, D? and D} are diffusion
coefficients of the respective species, R is the gas
constant, T is the absolute temperature, and g, and
#p are chemical potentials of the respective species.

Compared eq.(2) with eq.(3), D(c) can be rewri-

tten by

D(e) :ﬁ- {DICL(3x1/3C)+ DSC?(3up/3C))
@

On the assumption of local equilibrium, the che-
mical potentials for the dyes in the two states are the
same, Thus, dp/0C can be obtained as

u1/9C=dy1,/3C
RTKz(1—6)
= GKSA—0)+2] )
and substituting eq. (5) into eq.(4), then

a(1—9) z
p={DY G Sy + Dy =eye | ©

where a=KS.
The first (D.) and the second (D,) term in the
right hand side of eq.(6) represent the contributions

of the respective species to the apparent diffusion
coefficients.

On the other hand, assuming that eq.(1) is justified
for z2>1 on an empirical basis, (Tak et al., 1979)
we expect the following expression for the differential
permeability coefficient;

K S.D°
P(c)=KpD%+ 2O+ KiCo) €

This leads to the following expression for the

integral permeability coefficient.

Di’S

Bl 0 1+XK1.Coa
P(C)——KPDP+ z(COA_"COB) III

1T K:Cop &

Where Cys and Cyp are the dye concentrations in

the solution on each side of the membrane, i.e., in

half-cell A and B, respectively. According to eq. (8),
1+ K.Coa
14+ K.Cor

should be a straight line with intercept KpD} and
slope S D{/z.
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Fig. 7. Linear plots of integral permeability coeffi-
cient according to eq. (8) in Dye I at
different temperatures.
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Fig. 8. Linear plots of integral permeability coeffi-
cient according to eq. (8) in Dye I at
different temperatures.
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Fig. 9. Linear plots of integral permeability coeffi-
cient according to eq.(8) in Dye H at
different temperatares.

Plots of the experimental data according to eq.(8)
are shown in Figs. 7~9. From the straight lines in
these figures D} and D} were determined by eq.(8)

with the values of Kp, K and S obtained in the
previous work. (Bae and Tak, 1989a, 1989b) The
results are summarized in Table 1.

On the other hand, the relationship between the
diffusion coefficient and permeation coefficient can be
expressed as follows,

P=8SD
§=C/Cy @
where P is permeability coefficient, D diffusion
coefficient, § solubility parameter, and C the dye

Concentration

10°C (mol/g)

Fig. 10. Concentration dependence of diffusion coeffi-
cient of Dye 1 determined by eq.(9) at
50°C: Solid line refers to calculated D
values which are made up of D and Dp
contributions obtained by the steady-state
permeation method. (shown separately by
broken lines).

Table 1. The parameters for polybasic acid dye diffusion in silk fibroin.

Temperature Ky x107° Sx 10° Dyf x 108 D= 10°

z o Ke(l/2) ({/mol) (eq/g) (crg"’/min) (cm?/min)
1 50 0.380 2.73 17,93 2.10 2.90
70 0.270 2.40 17.85 1.60 5.30

90 0.251 1.45 17.78 1.90 8.90

2 50 0.182 5.66 18.52 2.11 1.08
70 0.165 3.17 18.73 1.88 3.48

90 0.143 2.10 18.89 3.12 7.25

3 50 0.015 10.80 22.36 0.88 0.44
70 0.011 9.49 21.76 0.91 0.91

90 0.012 7.23 21.78 0.90 1.67




concentration in silk at equilibrum with the dyebath
concentration Co.,

The values of D} and DY determined by eq.(8)
have been used to calculate the lines shown in Figs.
10~18. The broken lines give the relative diffusion
coefficients of the respective species. These indicate
that the diffusion coefficient increases up to mnear
saturation of the amino groups.

10°C{ms!/9)
Fig. 11. Concentration dependence of diffusion coeffi-
cient of Dye [ determined by eq.(9) at
70°C. Meaning of lines as in Fig. 10,

10°C(mol /)

Fig. 12. Concentration dependence of diffusion coeffi-
cient of Dye [ determined by eq.(9) at
90°C. Meaning of lines as in Fig. 10,
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Fig. 13. Concentration dependence of diffusion coeffi-
cient of Dye I determined by eq.(8) at
50°C. Meaning of lines as in Fig. 10.

10%C(mol/g)

Fig. 14. Concentration dependence of diffusion coeffi-
cient of Dye I determined by eq.(9) at
70°C. Meaning of lines as in Fig. 10.

In the case of the monobasic dye (Dye I), a clear
maximum is observed at this point. The overall
value of D is largely determined by Dy, i.e., by the
contribution of the L species, as shown by the
pertinent broken line in Figs. 10~12. The solid linc,
which is the superposition of the Dp and Dy con-
trions, agrees very well with the experimental points.
However, it is observed that the difference is not

significant with temperature variation.
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Fig. 15. Concentration dependence of diffusion coeff-
cient of Dye [ determined by eq.(9) at
90°C. Meaning of lines as in Fig. 10,
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Fig. 16. Concentration dependence of diffusion coeffi-
cient of Dye H determined by eq.(9) at
50°C. Meaning of lines as in Fig. 10.

In the case of Dye II (Fig. 14 and 15), the con-
tribution of Dp is not significant at 70° and 90°C.
Some discrepancy between calculated data (solid line)

and results obtained by eq.(9) may be recognized
above the concentration of 6 10~°mol/g.
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Fig. 17. Concentration dependence of diffusion coeffi-
cient of Dye W determined by eq.(8) at
70°C. Meaning of lines as in Fig. 10.
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Fig. 18. Concentration dependence of diffusion coeffi-
cient of Dye I determined by eq.(9) at
90°C. Meaning of lines as in Fig. 10.

In the case of Dye III, the contribution of Dp is
hardly significant. And the results obtained by eq.
(9) is lower than that obtained by eq.(6) (solid line)
above the concentration of 6x 10 °mol/g. Compared
with the D° values for different dyes in Table 1, it
can be said that the diffusion of anjonic dyes in silk

—6 4 —



fibroin becomes slower with the introduction of
sulfonic acid groups. This effect can be considered
as the steric and/or electrostatic point of view.
Thus, the additional sulfonic acid group may hinder
the translation of the dye in the polymer matrix,
because of its bulkiness and attractiveness to the
positively charged sites (—NH;") in the polymer.

On the other hand, D} value becomes larger with
nigher temperature, It can be thought on account of
the increase of the activity of dye anion. However,
the precise comparison of the D} values is not very
meaningful because of their uncertainties.

On the other hand, the following expressions are
well known for the replacement of the concentration
gradient in Fick’s first law to give the concentration
dependence of diffusion coefficient. (Sekido et al.,
1965; Peters et al., 19)

D(c):D"\(Tiaj(activity gradient model) (10)

D(c)::D“———i (chemical potential gradient
(1-6)
an

Dp tends to be zero when « is large

model)
In eq.(6),
enough to give a(1—4)*>z and hence eq.(6) yields
eq.(1D).

Figs. 19~21 show the comparison of the results
obtained by eq.(9) of mono—, di— and trisulfonic
acid dye with the theoretical relationship of eq.(10)
and eq.(11). It is clearly observed that the larger
the charge number of the dye anion, the nearer the
data obtained by eq.(9) with the theoretical curve
given by eq.(11). It is suggested that the contri-

bution of partition mode decreases with increasing
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Fig. 19. Test of thermodynamic equations in Dye 1.
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basicity of dye anion.

On the other hand permeation coefficient can be
explained in terms of the activation energy of
permeation.

In P=A—Ep/RT (12)
Where, P is permeation coefficient, Ep activation
energy of permeation, and A constant.

The activation energy of permeation may be
calculated from the slope of the plot of In P against
1/T. Arrhenius plots of permeation coefficients were
shown in Fig. 22. The data were summarized in
table 2.

It is clearly shown in table 9 that the activation
energy of permeation (Ep) decreases with the intro-
duction of sulfonic acid group into these dyes. This
means that the permeation is more independent on
the temperature with the introduction of sulfonic
acid group.

Since Dye I has lower solubility than the others,
Dye I is to be much more affected by the temperature

changes.

Table 2. Thermodynamic parameters.

Dye Ep(keal/mol)
Dye 1 8.64
Dye I 8.24
Dye H 5.46

. Conclusion

Permeation of acid dyes through silk fibroin
membrane was measured by the steady-state permea-
tion method and analysed by the dual sorption and
diffusion mechanisms.

1) The overall diffusion coefficient D) was lar-
gely determined by Langmuir-type diffusion (Dv).

2) The diffusion of acid dyes in the silk fibroin
becomes slow with the introduction of sulfonic acid
groups.

3) On the other hand, the comparison of the D}
values was not very meaningful because of their
uncertainties.

4) It was observed that the larger the charge

number of the dye anions, the nearer the results

obtained with the theoretical curve given by chemical
potentiol gradient model.

5) The activation energy of permeation decreases
with the introduction of sulfonic acid group into
these dyes.
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